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This paper investigates a new approach to control a wireless power transfer
(WPT) charger for electric vehicles (EVs) employing an optimized artificial
neural network (ANN). Enhancing the efficiency and robustness of such
systems is crucial, and integrating artificial intelligence (Al)-based solutions
has introduced innovative approaches in this field. The proposed method
enables precise regulation of battery charging voltage even under
challenging conditions, such as coil misalignment or shared grounding
assemblies for multiple EVs. To assess the stability and robustness of the
proposed controller, its performance was evaluated under scenarios of coil
misalignment and shared grounding assemblies for EVs with varying battery
voltages. The controller effectively eliminated overshoot and significantly
reduced residual output voltage ripple by 4.33% compared to a conventional
proportional-integral (P1) controller, demonstrating the superior performance
and reliability of the ANN-based control approach.
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1. INTRODUCTION

The transportation sector is a primary contributor to climate change, with the combustion of fossil
fuels in vehicles releasing substantial quantities of carbon dioxide. This greenhouse gas exacerbates global
warming, leading to increasingly frequent and severe weather events [1]. Road transportation, particularly
passenger vehicles, is a dominant source of these emissions, though aviation and maritime transport also
contribute significantly. Transitioning to sustainable modes of transportation, such as public transit, cycling,
and walking, coupled with the development of cleaner vehicle technologies, is essential for mitigating
climate change impacts [2], [3]. Electric vehicles (EVs) offer a promising solution to decarbonize the
transportation sector. EVs drastically reduce greenhouse gas emissions by replacing fossil fuels with
electricity, often generated from renewable sources. The absence of tailpipe emissions improves air quality
and mitigates climate change effects. Furthermore, battery technology advancements have enhanced EVs'
economic viability, accelerating their adoption as a sustainable transportation alternative [4]. However, to
maximize the benefits of EVs, it is essential to develop appropriate recharging infrastructures and solve the
problems of autonomy and battery longevity. Among recent innovative approaches, wireless charging
systems seem particularly promising for their ability to make recharging more convenient and accessible [5].
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Wireless power transfer (WPT) technology offers a convenient and efficient method for charging
EVs without the need for physical connections [6]. This technology, based on magnetic induction, enhances
safety by eliminating the risks associated with traditional charging methods, such as electric shocks and fires
caused by exposed cords [7]. Furthermore, WPT facilitates automated charging, improving user convenience.
Due to their reliability, durability, and resistance to adverse weather conditions, wireless EV chargers are
particularly suitable for locations with restricted access [8], [9]. Figure 1 shows a simplified WPT system
comprises two different main parts: the vehicle-side part and the ground-side part [10]. Energy transfer
occurs wirelessly through a magnetic field generated by an underground transmitting coil and received by a
coil positioned beneath the vehicle [11], [12]. To ensure efficient energy transfer to the electric vehicle
battery, a control system is necessary to regulate the energy flow.

Charging
zawel BMS Infrastructure
onverters
and E55 f/

Ground side coil Magnetic flux Vehicle side coil

Figure 1. Simplified configuration of a WPT charging system

There are three methods to control WPT chargers: primary-side, secondary-side, and dual-side
control [13]. Each approach regulates voltage and current, either on the ground side, the vehicle side, or a
combination of both. For vehicle-side control, [14] presents a closed-loop strategy utilizing bidirectional
switches modulated by a proportional-integral (PI) controller. This method regulates output current and
voltage during battery charging, enabling both constant current (CC) and constant voltage (CV) phases. Also,
a comparative study of two secondary-side control techniques, Pl and one-cycle control (OCC), is presented
for WPT chargers [15]. The effectiveness of these methods in maintaining power regulation is assessed under
varying mutual inductance conditions. Bhavsingh et al. [16] propose a WPT charger to maximize power
transmission. Their approach involves using duty cycle control based on the fundamental harmonic
approximation method. To achieve this, they incorporate two bidirectional switches before the rectifier on the
vehicle side of the system. The proposed control strategy in [17] employs a boost converter on the vehicle
side with duty cycle modulation to achieve CC and CV charging phases. In [18], a semi-bridgeless active
rectifier controlled by a Pl regulator is employed on the secondary-side to regulate the output voltage. Pulse
density modulation is implemented for the active rectifier switches to enhance converter efficiency. In [19], a
nonlinear H-infinity controller is employed for the secondary-side DC-DC converter. To optimize controller
parameters during variable voltage intermittent charging, a multi-objective, multi-constraint algorithm is
utilized. All previous studies have employed secondary-side control based on either Pl or non-linear
controllers.

While PI controllers are simple to implement, they are ill-suited for highly nonlinear systems such
as power converters in WPT chargers. Nonlinear controllers, on the other hand, offer superior performance
for such systems but often require additional sensors, increasing both cost and complexity. Most existing
research focuses on voltage and current regulation due to misalignment issues in WPT systems. Moreover,
there is a notable gap in the literature regarding shared ground assemblies for charging multiple electric
vehicle batteries. Additionally, the potential of artificial intelligence in controlling these complex systems
remains largely unexplored, highlighting a need for further investigation in this area.

This paper introduces a novel vehicle-side control technique for WPT chargers designed for EVs.
This technique leverages an optimized artificial neural network to achieve two primary objectives. First, it
enables the charging of two distinct battery types with different voltages using a single charging station or
ground-side assembly. Second, it maintains a constant battery charge, even in the presence of voltage
fluctuations caused by coil misalignment or grid instability on the primary side of the WPT charger.

The remaining sections of this document are organized as follows: section 2 introduces the WPT
charger, its modeling, and the equivalent circuit representation. Section 3 illustrates the proposed control
strategy. Section 4 presents the results and discussion of the control technique and its performance based on
simulation results. Finally, section 5 presents conclusions and future research directions.
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2. WIRELESS POWER TRANSFER CHARGER
2.1. Principle of operation of the WPT

This section is devoted to the description of the WPT charger. The cable-free charging process is
schematically summarized in the SAE J2954 standard and may be divided into two subsystems, as Figure 2
illustrates: the primary side, also known as the ground assembly (GA), and the secondary side, also known as
the vehicle assembly (VA) [20]. A high-frequency DC/AC converter, operating at 85 kHz as recommended
in SAE J2954 standard, generates a time-varying voltage. The transmitting coil, energized by the inverter,
generates a time-varying magnetic field (MF). This MF is transmitted wirelessly and carried to the receiving
coil [21], [22]. The normalized voltages and currents required by the battery are obtained by rectifying the
voltage from the secondary coil [23].
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Figure 2. Wireless power transfer charger circuit
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2.2. Modeling of the WPT

This section focuses on developing a precise analytical model for the wireless charger, excluding the
AC/DC power factor correction (PFC) converter stage. The analysis is confined to the system components
between the DC bus and the vehicle battery. Furthermore, the battery is modelled by a resistor 7, in series
with an open circuit voltage v,.. Once Kirchhoff's rules are applied to the circuit in Figure 2, the results are
shown in (1) — (5):

vCD=v1+L1%—M% @
Mi—i;=vuv+v2+in—i: (2
i1=Cl% 3)
izzcz% 4)
igar = i :%—}'Cf% ®)

Where, i; and i, are the currents in the primary side and secondary side coils, L, and L, are the inductances
of the primary and secondary side coils, M is the mutual inductance between the coils, v, is the inverter
output voltage, v, and v,, are, respectively, the voltage across the primary and secondary side compensation
capacitors, v, and v, are, respectively, the voltage at the input and output of the secondary side rectifier, and

Cr is the filtering capacitor of the secondary side [24].
From (1) to (5), the following state space model is obtained:

x = [vy, Vz:ipiz:vo]T = [x1, X2, X3, X4, xs]T (6)
. 1
X1 = c_1x3 (7
. 1
X2 = %a 8
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X3 = (Ve = 1) = 1 (2 = 5gn(x4)xs) ©)

X4 = o (Vea = 1) = 1 (2 = 5gn(x4)xs) (10)

X5 = = sgn(x)x, = 2% (12)
Where K; = LlLi;MZ, K, = LIL;I;MZ, K; = Lle:Mz and sgn(x) = 1 when x > 0, sgn(x) = —1 when x < 0

and sgn(x) = 0 when x = 0.

3. CONTROLLER DESIGN

The purpose of this section is to design a controller for the WPT system. A buck-boost DC-DC
converter will enable the battery voltage to be controlled only in constant voltage (CV) mode. The use of the
artificial neural network in this control technique will make it possible to achieve the objectives of regulation
in the presence of fluctuation of the vehicle side input voltage due to misalignment between the coils and also
to enable two batteries of two different voltages to be charged with the same ground side assembly. Figure 3
shows the fundamental principle of the proposed control method. To evaluate the controller's robustness
under various operating conditions, the battery is replaced with a variable load resistor.
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Figure 3. Fundamental principle of the proposed control approach

3.1. Buck-Boost DC-DC converter

The buck-boost converter aims to precisely regulate output voltage by tracking a reference value.
This is achieved by modulating the converter's duty cycle [25]. The buck-boost converter topology is
depicted in Figure 4. Kirchhoff's rules can be applied to the circuit analysis in order to obtain the (12) and
(13), assuming initially that S = 1. Where r;, and rg represent, respectively, the inductor's equivalent series
resistance and the power switch's resistance.

*
I " ’ - C== Vout

Figure 4. Buck Boost DC-DC converter circuit
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dip _ _ TLtTs . Vin

e — it (12)

dVout - _ @ (13)
dt RC

The switch is OFF (S = 0) while the diode is conducting, producing the following result (14) and (15).

ﬂ _ L. _ Vout

ac L L L (14)

Dour _ _ i _ Vour (15)
dt c RC

The variable x, which comprises the inductor current and the output voltage, is included in the state vector of
the circuit, as depicted in (16).

dig, . rp+rs rL 1

diy _ntsy o _nogq) —i-aq) a

dgotut = (xl) = L » L L . (2) + (L) Vin (16)
) W Ta-d e 0

Finally, the relationship between V;,, and V,,,; is given in (17).

Vout __

da
Vin - E (17)
3.2. Artificial neural network model

The artificial neural network (ANN) model is inspired by the functioning of biological neurons. In
contrast to traditional algorithms, ANNSs learn from input data and transform it into knowledge in a manner
like to that of the human brain. ANNs are architecturally formed by interconnected elementary units named
neurons. The structure of neural networks commonly follows a layered structure. The network architecture is
defined by the number of layers and the number of neurons within each layer [26].

The controller model used in this paper is founded on a feedforward ANN as illustrated in
Figure 5, feedforward ANNs are renowned for their simplicity, efficiency, and ease of training, making them
well-suited for various tasks, including control systems. The buck-boost DC-DC converter's input voltage
and the simulated battery reference voltage, represented by the load resistance, serve as inputs to the neural
network. The model's output, the duty cycle “d”, directly controls the output voltage. The ANN model
dynamically adjusts the duty cycle based on input conditions to accurately track the desired reference,
thereby controlling the converter's operation in either boost or buck mode. The architecture of the ANN is
shown in Figure 5(a) consists of three separate layers: the input layer, the hidden layer which contains
25 neurons, and the output layer. It has two inputs and one output. Figure 5(b) shows the layers of the neural
network. Weights and biases are the parameters an ANN learns during training to minimize errors between
the network's output and the desired output.
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Figure 5. Feedforward ANN: (a) architecture and (b) layers of the ANN

Mean squared error (MSE) is a widely used metric to evaluate the performance of machine learning
models, including ANNs. A lower MSE generally indicates a better-performing model because it can
minimize prediction errors, prevent overfitting, and generalize well to new data. By optimizing the training
process to minimize MSE, ANN models can achieve higher accuracy and reliability. In this context, a
comparative analysis was conducted using three training algorithms: Levenberg-Marquardt, Bayesian
Regularization, and scaled conjugate gradient to select the optimal ANN model. The results of this evaluation
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are summarized in Tables 1, 2, and, 3. The Levenberg-Marquardt algorithm yielded the lowest error and the
highest regression coefficient, demonstrating superior performance in training the ANN model compared to
the other considered algorithms.

Table 1. Learning results using the Levenberg-

Table 2. Learning results using

the Bayesian

Marquardt algorithm Regularization algorithm
Phase  Samples MSE Regression (R) Phase  Samples MSE Regression (R)
Training 10501 1.10102 X 107° 9.99999 x 10! Training 10501  2.09661 X 1078 9.99996 x 107t
Validation 2250  5.62882 x 107! 9.99999 x 107! Validation 2250 0.00000 x 107° 0.00000 x 107°
Testing 2250 9.71649 x 10~ 9.99999 x 10! Testing 2250 3.23009 x 107° 9.99999 x 107!

Table 3. Learning results using the scaled conjugate gradient algorithm

Phase Samples MSE Regression (R)
Training 10501  7.15706 X 1077 9.99865 x 1071
Validation 2250 8.19750 X 1077 9.99864 x 107!
Testing 2250 8.18438 x 1077 9.99844 x 107!

The ANN model was evaluated using the Levenberg-Marquardt algorithm. Figure 6 illustrates the
learning performance of the optimized ANN-based controller. The mean squared error (MSE) reached a
minimum value of 1.4485 x 1079 at epoch 41, indicating successful convergence. The close alignment of
the learning, testing, and validation curves suggests that the ANN model exhibits strong generalization
capabilities. The effectiveness of the control approach has been evaluated. The simulation parameters are
detailed in Table 4.

Best Validation Performance is 1.4485e-09 at epoch 41
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Figure 6. Learning performance of the optimized ANN-based controller

Table 4. Parameters used during the simulation

Parameter Value
DC bus voltage for primary side VDC 200V
Self-inductance of the ground side coil L1 416 pH
Self-inductance of the vehicle side coil L2 116 puH
Mutual inductance M 20 uH
Primary side compensation capacitor C1 8.5nF
Secondary side compensation capacitor C2 30 nF
Resonance frequency f 85 kHz
Inductor of the DC-DC converter L 500 uH
Capacitor of the DC-DC converter C 1mF
Input voltage of the DC-DC converter 60V
Switching frequency 10 KHz
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4. RESULTS AND DISCUSSION

This section presents a comparative analysis of the tracking performance of the ANN-based control
technique and a traditional PI controller. To evaluate the stability and robustness of the new approach,
various scenarios were considered. The first scenario involved charging two vehicles with different battery
voltages using a common ground assembly to assess the method's versatility. The second scenario focused on
maintaining a constant output voltage under input voltage fluctuations on the vehicle side, simulating
potential misalignment or grid instability issues.

4.1. Tracking test of the control technique

To evaluate the ANN controller's performance, a tracking test was conducted. Initially, a 60 V
reference voltage is applied, simulating the load's voltage demand. After two seconds, this reference is
increased to 80 V. Figure 7 presents a comparative analysis of the proposed controller's and the conventional
P1 controller's performance. Both controllers successfully track and stabilize at the desired setpoint. The Pl
controller exhibited significant overshoot, reaching 111 V for a 60 V reference (an 85% overshoot), and
sustained a 5.66% residual ripple as shown in Figure 7(a), such oscillations compromise the battery charging
system's constant voltage operation and can introduce system instabilities. In contrast, the ANN-optimized
controller exhibits no overshoot at any output voltage level, as evidenced in Figure 7(b). The absence of
overshoot is a critical advantage of the ANN controller, particularly for electric vehicle battery charging
where battery health is paramount. Additionally, the ANN controller effectively diminishes residual ripple to
approximately 1.33% of the final output value.
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Figure 7. Reference voltage and output voltage using: (a) PI controller and (b) ANN-based controller

4.2. Scenario 1: charging two vehicles with two batteries of different voltages using a common ground
assembly

A key objective of this paper is to develop a method enabling the charging of two different battery
types with different voltages using a single ground assembly. Figure 8 illustrates this scenario, where a 60 V
input voltage (V;,) is applied to a DC-DC converter as shown in Figure 8(a). A 72 V battery is charged
during the initial 2 seconds, followed by a 48 V battery charge from 2 to 4 seconds. The ANN controller
effectively manages power and voltage to charge both battery types, facilitating the charging of two electric
vehicles using a single ground-side assembly. The optimized ANN controller effectively achieves this first
objective by dynamically adjusting the duty cycle to meet the desired output voltage. As illustrated in
Figure 8(b), a duty cycle of 0.5455 is applied to the DC-DC converter during the initial 2 seconds to charge
the 72 V battery (boost mode). Subsequently, a duty cycle of 0.4447 is utilized to charge the 48V battery
between 2 and 4 seconds (buck mode).

4.3. Scenario 2: maintaining constant output voltage under input voltage fluctuations

This scenario is particularly relevant in contexts where the input voltage to the secondary side of the
WPT charger may experience variations. Such fluctuations can arise due to factors like grid instability on the
primary side or misalignment between the coils. The second objective of the paper is to maintain the battery
charge at a constant voltage despite fluctuations that can change the input voltage V;, of the DC-DC
converter. Figure 9(a) illustrates scenario 2, where a vehicle is absent between 0 and 0.5 seconds, resulting in
a 0 V output voltage V,,,; and a 0-duty cycle as shown in Figure 9(b). Upon vehicle presence at 0.5 seconds,
the reference voltage is set to 48 V. When the input voltage V;, increases to 70 V at 2 seconds, the ANN
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controller swiftly adjusts V,,, to maintain the 48 V reference, accompanied by a corresponding decrease in
duty cycle. Conversely, a decrease in V;,, to 50 V at 3.5 seconds triggers a swift increase in duty cycle to
maintain the 48 V output voltage.

80 0.6 : :
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~ 60 1 A —-—L— ————— \ —
~ v 204
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g 40 > 0.5456 0.4448
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Figure 8. Output voltage in case of common ground assembly: (a) voltage signals and (b) duty cycle
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Figure 9. Output voltage in case of variable input voltage: (a) voltage signals and (b) duty cycle

Figure 10 illustrates the output voltage and current of the inverter. Zoomed-in views of Figures 10(a)
and 10(b) demonstrate how adjusting the inverter's output voltage root-mean-square (RMS) value influences
the power transmitted from the ground side to the vehicle side. Despite the square-wave nature of the output
voltage, the primary coil's current exhibits a sinusoidal waveform due to the filtering effect of the ground-side
coil and its associated series capacitor within the resonant LC network. Also, Figure 11 illustrates the input
voltage to the vehicle-side rectifier and the corresponding coil current, which are in phase. The input voltage
exhibits a square waveform at a frequency of 85 kHz. Due to the filtering effect of the vehicle-side resonant
network, the coil current appears as a sine wave at the same resonant frequency.

4.4. Comparison of the proposed approach with other works

A comparative analysis of the proposed ANN-based controller with existing research has been
conducted, considering factors such as charging type, controller type, maximum efficiency, robustness,
additional sensors required, and versatility. Table 5 provides a comprehensive comparison of this study with
previous works on vehicle-side control of WPT chargers. This paper focuses on the CV mode, addressing
challenges such as coil misalignment and grid instability. The ANN-based controller employed in this study
is characterized by its high efficiency. Also, PI controllers are generally robust under linear conditions, they
are less effective in nonlinear scenarios. Nonlinear controllers, on the other hand, are inherently robust to
nonlinear environments but can be sensitive to parameter changes and sensor noises. ANN-based controller,
however, demonstrates high robustness, particularly in nonlinear and variable conditions. Although the use of
ANN may involve higher initial costs due to computational power, their potential benefits in complex and
adaptive systems can justify the investment.

Int J Elec & Comp Eng, Vol. 15, No. 2, April 2025: 1487-1498



Int J Elec & Comp Eng ISSN: 2088-8708 O 1495
<
_ 300 : : 20
> c
L= [
= 200 E
> 3
> 100 o
= =
o
: 8
2 100 3
£ 200 -
O -
z s
= -300 ‘ ; ‘ ; -20 E
0 0.01 0.02 0.03 0.04 05 0.06 o
Time (s)

300 . . : . 20 g 300 : 20 g
S 200 o6 s 8
-] 10 5 ° 5
S 100 o S o
= » = »
2 lo B S 3
g o 0o 8 5 o
: I 2
g -100 - 5 g et
g - 2

-200 - © ©

-300 . . * t . -20 o -300 . : : - . -20 o

0.01  0.01001 0.01002 0.01003 0.01004 0.01005 0.01006 0.05  0.05001 0.05002 0.05003 0.05004 0.05005 0.05006
Time (s) Time (s)
(@) (b)
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Table 5. Performance comparison of the proposed approach with published works

Vehicle Side Current i2 (A)

Study Charging mode Controller Maximum efficiency Robustness Additional sensors Versatility
[14] cc-cv PI 91.75% No No Low
[15] cC PI-OCC Not provided No No Low
[16] cC Pl 92% No No Low
[17] Ccc-cv Pl 92.9% No No Low
[18] cVv PI 85.26% No No Low
[19] CC-CVv 4-infinity nonlinear controllel Not provided Yes Yes Medium

This paper CVv ANN-based controller 90.01% Yes No High

The proposed ANN-based control strategy offers significant advantages over traditional Pl and
nonlinear controllers for WPT systems, in the context of electric vehicle battery charging. The ANN
controller's ability to eliminate overshoot and significantly reduce residual ripple in the output voltage
ensures stable and efficient battery charging. Unlike nonlinear controllers, the ANN-based approach does not
require additional sensors, leading to lower costs and system complexity. Moreover, the ANN controller's
adaptability to diverse battery voltages and input voltage fluctuations demonstrates its versatility in handling

real-world charging scenarios.

This research addresses several existing research gaps, including the ability to charge multiple batteries
with diverse voltages using a single ground assembly and the potential of Al to enhance the performance of
WPT systems. While the proposed ANN-based control strategy exhibits a slight limitation in terms of system
response time due to the computational demands of the ANN controller, this constraint did not significantly
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impact the overall system efficiency in our study. The system's effectiveness in protecting the battery, a critical
component in electric vehicles, is evident through the elimination of overshoot and the substantial reduction of
residual voltage ripple during CV charging. These advantages underscore the value of the proposed ANN-based
approach for WPT applications. Future research directions include exploring more complex ANN architectures
to enhance performance potentially. Additionally, reducing the computational time of the ANN controller would
be beneficial, particularly for applications requiring rapid responses such as fast charging. Extensive field
testing and validation of the proposed ANN-based control strategy in real-world WPT systems are crucial to
assess its practical performance and address potential challenges.

5. CONCLUSION

This paper introduced a novel ANN-based control strategy for vehicle-side WPT chargers,
effectively addressing the critical challenge of maintaining constant battery charging voltage under diverse
operating conditions. Compared to nonlinear control techniques, the proposed approach offers a more cost-
effective and less complex solution. Moreover, the ANN controller's ability to effectively regulate the output
voltage, even in the presence of coil misalignment and varying input voltages. The proposed ANN-based
controller effectively eliminated overshoot and significantly reduced residual output voltage ripple by 4.33%
compared to a conventional PI controller. This highlights the controller's ability to enhance system stability
and reduce potential disturbances during battery charging. Additionally, the proposed technique
demonstrated robust performance in shared grounding assemblies for EVs with diverse battery voltages. The
simulation results validated the proposed technique’s performance and accuracy, highlighting its potential for
practical implementation in WPT systems. Future research could explore the integration of advanced ANN
architectures and optimization techniques to further enhance the controller's performance and address
potential limitations. Overall, this paper contributed to the advancement of WPT technology by offering a
promising solution for efficient and reliable battery charging in electric vehicles.
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